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1. INTRODUCTION 
 
The Italian architectural heritage and in particular the 
monumental buildings and the historic centers are 
among the most vulnerable to earthquakes, increasing 
the risk of cultural losses and causing serious conse-
quences for public safety. As highlighted by recent seis-
mic events, the Italian cultural heritage presents 
widespread critical conditions and it follows the need for 
an urgent definition of programs for the seismic im-

provement of this heritage. Given the size of the problem 
and considering the huge amount of goods on the ter-
ritory and their priceless value, it is therefore necessary to 
promote prevention policies ranging from knowledge of 
the vulnerability of buildings, to the construction of pos-
sible damage scenarios, to the education of expert tech-
nicians, to the elaboration of consequent emergency 
plans (Cifani et. al 2005). 
The analysis of seismic vulnerability represents a com-
plex process articulated in different phases such as:  
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ABSTRACT 
A proper representation of the conservation status of an Architectural Heritage constitutes a key element of knowledge in order to 
guarantee the success of a restoration project, the valorization and the fruition of the monument itself. In this context, an important 
role is played by non−invasive diagnostics and 3D metric surveys that allow acquiring data on potential structural anomalies as well 
as the location and extent of hidden structures inside the walls. In this paper, the results of the surveys carried out at the Abbey of 
Santa Maria a Mare, San Nicola, Tremiti Islands (FG, Italy) are presented. The monument is in a significant state of degradation that is 
testified by the damage of internal and external plaster, water infiltration, presence of molds and superficial lesions on walls and 
fractures on columns. In order to define restoration interventions, the structure has been analyzed in detail through the realization of 
3D metric surveys (photogrammetry and laser scanner) and non−invasive geophysical surveys (Ground Penetrating Radar Technique). 
The use of non−destructive testing techniques at different scales has provided assessment tools for building characteristics, state of 
conservation and building safety.



• collection of all available data and document analy-
sis; 

• direct investigation of the building by performing 
surveys; 

• non-destructive and/or destructive tests on the 
structural elements; 

• characterization of mechanical properties of mate-
rials; 

• definition of the Level of Knowledge of the struc-
ture; 

• analysis using numerical models created on the 
basis of the acquired detail data; 

• critical evaluation of the results. 
The critical historical analysis of the monument provides 
fundamental information relative to the original architec-
tural structure, the modifications, the transformations and 
the alterations occurred in it over time, with particular ref-
erence to those that are dependent on historical seismic 
events. Only a systematic and sufficiently complete inves-
tigation can allow the various aspects of the intervention 
to be approached in a conscious and effective manner 
(Carbonara 2004). The intervention project must be pre-
ceded by a real diagnostic project that, in its elaboration 
and implementation, assumes the fulfillment of the diag-
nostic, the mapping of the elements for material quality, 
the graphic and photographic relief of the state of con-
servation of the material, the mapping of the alteration 

forms on which the sampling depends through the col-
lection of significant samples to analyze in laboratory. 
In this work the results of 3D metric surveys and non-
invasive geophysical investigations conducted at the 
Abbey of Santa Maria a Mare, located on the top of San 
Nicola Island in the Tremiti Archipelago (Foggia, Italy), 
are fully presented [Cozzolino et al. 2018a]. The 
Benedictines built it in 1045 AD and, even today, it 
preserves the original plant with a rectangular plan with 
three aisles that extend longitudinally from the entrance 
to the main altar (Figure 1a, b). The elaborate middle 
mosaic floor (XI-XII century) in polychrome tiles and the 
painted wooden ceiling made in the 18th century to 
replace the dome are particularly important. The 
monument is in a very poor state of conservation with 
evident signs of deterioration as substantial detachments 
of plaster, water infiltration, surface damage on the walls 
and column fractures. This condition is due to both 
structural problems and to pathologies related to the 
degradation of the materials making up the structure 
(Figure 1c, d, e).  
 

2. METHODS AND DATA PROCESSING 
 
2.1 3D METRIC SURVEY 
Laser scanning technology and photogrammetric 
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FIGURE 1. The Abbey of Santa Maria a Mare, San Nicola Island, Tremiti (Foggia, Italy): the facade (a), the plan (b) and some crit−
ical examples of degradation (c, d, e).
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processing of digital images enables to collect a great data 
amount and to provide detailed and reliable 3D surface 
models of the historical object [Fiani and Siani 2005, 
Ioannidis et al. 2005, Barrile et al. 2009, Vatan et al. 2009, 
Park et al. 2007, Remondino and Campana 2014, 
Selbesoglu et al. 2016, Murtiyoso and Grussenmeyer 2017, 
Angelini 2018]. In this work, a FARO Focus 3D MS120 
laser scanner was employed for acquiring data in the 
complete area. The instrument allows performing scans 
from 0.6 m to 120 m with an error of linear distance equal 
±2 mm for a distance between scanner and object 
included in a range from 10 to 25 meters. The standard 
deviation of the values from the best-fit plan varies from 
0.6 mm to 10 m with a 90% reflectivity and from 2.2 mm 
to 25 m with a 10% reflectivity. It has a field of view of 
360° x 305° and an integrated color digital camera with a 
70 megapixel resolution. It also has a vertical visual field 
of 305° and the horizontal one of 360°. The horizontal 
and vertical resolution is 0.009°. The range sensor uses a 
phase shift technology for measuring distances, repeating 
the single point measurements up to 976,000 times per 
second.  

All the building was recorded in the internal part and on 
the external façade with a quality of 1/5 that means one 
point each 5 mm at 10 m. Totally, 54 laser scanner 
positions (3 exteriors and 51 inside the building) were 
determined during data acquisition ensuring at least three 
homologous points for each point cloud. Advantages of 
using this technology to examine complex structures such 
as the Abbey of Santa Maria a Mare are the non-need of 
in situ instrumentation of sensors, the absence of 
difficulties to reach structures or structural members and 
the independence of natural light sources [Park et al. 2007]. 

Data processing followed different steps: 
1) Scan point filtering for cleaning bad data point 

clouds, mainly due to long distances to targets, un-
certain positions of the points and intensity of re-
flectance, through the JRC Reconstructor v.3 software 
(Gexcel-Spin off company of the University of 
Brescia); 

2) Alignment of each scan registration according to the 
reference system using the Iterative Closest Point (ICP) 
algorithm. It iteratively applies a rigid roto-translation 
in one of the two clouds, considered to be mobile, so 
that overlap in the best possible way to another cloud, 
considered fixed [Barrile et al. 2017]. During the man-
ual recording of the scans, the existence of three com-
mon points between each scan (fixed and mobile) has 
been required. The registration error has been calcu-
lated at 1mm. Given the large number of point cloud, 
the dense cloud has been decimated using a factor of 
subsampling equal to10. 

3) Surface reconstruction through the “Basic mesh 
method”.  

4) Extraction of plants and sections for vector data (DXF 
format), photographic data (JPG format) and surface 
images (PLY and OBJ formats). 

5) Production of high-resolution orthophotos using a 
Camera Canon 4D Mark II (20mp). About 4200 im-
ages have been acquired using the aperture priority 
mode and the manual exposure setting and 
ensuring a mean overlap of about 70%. The Agisoft 
Photoscan software (Agisoft PhotoScan, 
http://www.agisoft.com/) has been used for data pro-
cessing [Remondino and El-Hakim 2006, Remondino 
2008]. The photogrammetric model was scaled using 
40 ground control point (GCP) located on the floor 
and on the walls of the church. Each marker has been 
registered using a total station and the output has 
been reported using the reference system of Monte 
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FIGURE 2. Example of Agisoft PhotoScan processing: positions 
taken by the camera (a), dense cloud (b), mesh (c), 
texture (d) and ortophoto (e).



COZZOLINO ET AL.

4

Mario/Italy, zone 2 (EPSG: 3004). The model was 
generated using the “high alignment” (Figure 2a) 
(key point limit: 40.000, tie point limit: 4.000) and 
the “medium build dense cloud” settings (Figure 2b). 
After the generation of the dense cloud, the model 
was georeferenced using the GCP method obtaining 
a registration error of about 3 mm. The mesh pro-
cessing procedure (Figure 2c) has been realized using 
the commonly “multi-resolution model” routine 
based on automated algorithms in order to recog-
nize and fit discontinuities on the model [Angelini 
and Portarena 2018]. The model then has been im-
proved through the “optimization method” for rear-
ranging and smoothing the nodes of triangles and 
the “decimation filter” for simplifying the model and 
generating a multi-resolution model. The texture 
mapping process (Figure 2d) has provided the para-
meterizing of the texture atlas trough the “Generic 
mapping mode” in order to create a texture as uni-
form as possible and the blending of low and high 
frequency components for overlapping images to 
avoid seam line problems through the “Mosaic blend-
ing mode”. The last one process is based on the 
weighted average where the weights are a number of 
parameters including proximity of the pixel in ques-
tion to the center of the image.  

6) Data integration through the alignment and assimi-
lation of laser scanner and photogrammetric point 
clouds considering the laser scanning coordinate sys-
tem as reference. 

A 3D model of the interior of the building and the 

external facade made up of approximately 18 million 
points was created. Figure 3 shows a three-dimensional 
view of the product of the point cloud conversion in 
meshes and some images obtained from the colorimetric 
overlay operation (RGB). The dot cloud was used to 
extract plants and sections in DXF format for vector data 
and TIFF for photographic data. Figure 4 displays the 
location of 11 cross sections and 8 longitudinal sections 
with respect to the main body of the building. 

In Figure 5, the reflection section extrapolated from 
the 3D model with the application of orthophotos of the 
visible surfaces and the characterization of fractures, 

FIGURE 3. Laser scanner Focus 3D MS120 (FARO) (a), mesh visualization of the model (b), RGB visualization of the cloud points (c, d).

FIGURE 4. Location of the sections extrapolated by the point 
cloud.
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traces of moisture, detachment of the surface, plaster 
and modern interventions on the foreground surfaces are 
reported for LA-LAI, LH-LHI e TI-TII sections. 

Figure 6 depicts an orthophoto of the painted ceiling, 
its characterization and a surface elevation model located 
on the section of the three-dimensional model. 

2.2 GROUND PENETRATING RADAR (GPR) SURVEY 
The use of non-destructive investigation techniques 

at different scales can integrate moderately destructive 
tests and provide tools for verifying the conservation 
status of any masonry work. In this context, the use of 
the Ground Penetrating Radar (GPR) technique has 
proven to be a rapid, effective and non-invasive on-site 
survey method for the identification of cracks and voids, 
wall textures, detachments, inclusions of different 
materials, structural elements and humidity in the walls 
[Ranalli et. al 2004, Gonzalez-Drigo 2008, Hemeda 
2013, Pérez-Gracia 2009, Masini and Saldovieri 2011, 
Kadioglu et al. 2013, Catapano et al. 2017, Masini and 
Saldovieri 2017]. The GPR is an electromagnetic 
impulsive method much suited for shallow depth 
investigations, as it can supply subsurface profiles 
grouped in vertical radar sections [Goodman and Piro 
2013]. During data acquisition, the transmitter-receiver 
antenna is moved along the surface, signals are sent into 
the ground and echoes are returned from targets in the 
ground within a few meters. According to the media 
impedance and to their heterogeneity, the radar pulse 
can be reflected towards the surface or else it can be 
attenuated and diffused, hence quickly totally 
dissipated. When reflected echoes emerge, the received 
signal can be correlated with the transmitted one and 
the delay of arrivals is a function of velocity [Cozzolino 
et al. 2018b].  

The instrumentation used in this work was the IDS 
georadar RIS-K2 with a TRMF (200-600 MHz) antenna 
and a 1200 MHz high-resolution antenna. Data were 
processed using the GPR-SLICE 7.0 software [Goodman, 
2014]. Technically, data acquisition took place on lines 
where instrumental readings were executed in 
continuous mode. The standard profiles were processed 
implementing band pass filters, noise reduction filters 
and gain procedure [Conyers and Goodman 1997, 
Goodman and Piro 2013]. In this case, for each surveyed 
area, several parallel profiles were acquired forming a 
grid pattern to verify the extent and size of the buried 
targets. Thus, a 3D data matrix was obtained 
underneath the investigated surface from which the 
horizontal sections (time slices) were extracted at 
different depths in which the various hidden structural 
features are displayed in different colors. 

FIGURE 5. LA−LA1, LH−LH1 and TI−TI1 sections: reflection sec−
tion extrapolated by the 3D model with application 
of the orthophotos of the visible surfaces and indi−
cation of anomalies (cutting plane in pink, detach−
ments of plaster in dark blue, modern intervention in 
light blue, traces of humidity in green, fractures in 
orange, the section line in red)

FIGURE 6. Orthophoto of the wooden ceiling located on a sec−
tion of the 3D model with indication of anomalies 
(top) and model of elevation (bottom).



Five areas were investigated on the floor using a multi-
frequency antenna (200-600 MHz). In total, 37 survey 
profiles were acquired for a total length of 445.7 m. Figure 
7 shows the horizontal slices relative to 0.5 m in depth 
positioned on the floor plan of the building. Finally, using 

a 1200 MHz antenna, a high-resolution survey was carried 
out on the left wall of the building and on the inner wall 
of the entrance to verify the presence of moisture inside 
the masonry. Figure 8 reports the slice relative to 0.20 m 
in depth on LA-LAI and TI-TII sections. 

3. RESULTS AND DISCUSSION 
 
The analysis of the results clearly shows a level of 

advanced degradation of the interior of the building 
perceived by the presence, on each analyzed wall, of 
substantial moisture traces often associated with 
considerable separations of plasterwork, swelling, mold 
appearance and blasting of paintings. In particular, a detail 
evaluation of any sign of deterioration of the building was 
achieved, whose nature, extension and location can simply 
be drawn graphically from the processed images. 

The most critical conditions were found in sections 
near the outer walls (Sections: LA-LAI, left side; LH-LHI, 
right side; TI-TII, wall of the entrance) (Figure 5) where 
the phenomena of decay are more pronounced. The GPR 
surveys carried out on the inner wall of the entrance 
(ground floor and loggia) and on the left wall of the 
building confirm the presence of water within the 
analyzed surfaces. This is evidenced by the total absorption 
of electromagnetic signals found in radargrams and in the 

COZZOLINO ET AL.

6

FIGURE 7. Horizontal slice relative to 0.5 m in depth.

FIGURE 8. Vertical slice relative to 0.20 m in depth.



obtained parallel slice to the walls (Figure 8). In the latter, 
in the spots indicated by the green-white colors, low signal 
amplitudes were detected coinciding with obvious traces 
of moisture on the surface. 

Given the extent of degradation events, it can be 
assumed that water infiltration can be mainly due to the 
absorption and diffusion of rainwater through external 
surfaces constructed with non-water-repellent porous 
limestone blocks. Probable penetration through non-
tightened openings and non-watertight or deteriorated 
covers should be added to these phenomena. 

With regard to the cracking framework of the 
monument, it was possible to document vertical lesions 
concerning the two columns of the entrance (Sections: 
TE-TEI and TF-TFI) and a column of the left nave (LB-LBI 

section), the frames at the base of the decorated wooden 
ceiling (Sections: LC-LCI, and TE-TEI) and some walls 
(Sections: LD-LDI, LF-LFI, TA-TAI, TE-TEI and TI-TII). In 
order to evaluate the evolution of deformations, active 
movements and rotations, it would be desirable to 
continuously monitoring lesions and to program 
interventions that increase the resistance of the structure, 
especially in view of possible external actions and strains 
such as seismic ones. 

Finally, the laser scanner survey has enabled a precise 
geometric determination and an accurate morphological 
knowledge of the building. In detail, some elements that 
could be attributed to constructive defects and/or 
structural interventions carried out in recent times and/or 
to deformations caused by natural events (seismic 
movements and substrate settlements) may have emerged. 
Some sections (TB-TBI, TC-TCI, TF-TFI, TG-TGI, TH-THI 

and TI-TII) show a non-verticality of the walls of the 
chapel located to the right of the church (deviation from 
the vertical axis between 0.1 and 0.24 m) and the outer 
wall of the left nave (deviation from the vertical axis 
between 0, 1 m and 0.16 m) (Figure 9). In particular, due 
to the presence of major fractures in the masonry of the 
rooms above the right aisle, such irregularities could favor, 
in case of seismic stresses, the right-tipping mechanisms of 
the right body. 

As regards the wooden ceiling, some sections (LB-LBI, 
LC-LCI, LD-LDI, LE-LEI, LF-LFI, TC-TCI, TD-TDI, TE-TEI, 
T5-T5I and T6-T6I) indicate a deviation from the 
horizontal axis between 0 and 0.16 m, concentrated above 
all on the left side. The digital elevation model 
extrapolated from the point cloud (Figure 6) shows 
variations in detected altitudes, differences partially 
coinciding with a visible moisture trace on the surface. For 
this anomaly, deform metric monitoring of active 
movements would be desirable in order to assess the 
evolution of the phenomenon. 

Finally, numerous irregularities and depressions 
emerged in the paved floor (especially near the mosaic), a 
slope from the left to the right side of the building (0.24-
0.26 m) and from the central square to the entrance 
(0-0.09 m) (Sections L1-L1I and L2-L2 I). GPR analysis has 
not shown any anomaly that can be attributed to cavities 
or voids but only the presence of some elements that are 
probably attributable to structural elements prior to the 
present construction. In the central nave area, the bonding 
materials used in the restoration of the mosaic heavily 
disturbed the investigations. 

The non-invasive analysis carried out at the Abbey of 
Santa Maria a Mare has allowed to identify a detailed 
picture about the state of health of the building. The 
identified critical damage elements could be related to the 
poor maintenance of the structure and to the natural 
phenomena of degradation trigged over time. Given the 
extent of the cracking of walls and columns, the 
conspicuous presence of humidity, the irregularity of the 
structure in plan and height, the building could be 
vulnerable and suffering damage and collapse when a 
seismic event occurs. In order to safeguard public safety 
and protect the monument from its destruction, it is 
necessary to carry out structural analyzes defining the 
seismic vulnerability.  
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FIGURE 9. Deviation from the vertical axis of the lateral walls 
(TF−TFI and TI−TII sections).



Simplifying the seismic-resistant structure through a 
calculation model in order to carry out specialized 
analyzes, the damage foreseen according to the intensity 
of the ground acceleration due to the earthquake should 
be provided in probabilistic terms. The results of the 
investigations have provided good elements to stimulate 
and promote the systematic planning of diagnostic, 
consolidation and restoration projects.  
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